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ABSTRACT

The source range monitor (SRM) data recorded during the first >*

hours of tne Three Mile Island Unit No. 2 (TMI-2) accident following

reactor ar.-tcown were analyzed. An effort to simulate the actual 5RM

response was made by performing a series of neutron transport

calculations. Primary empnasls was placed on simulating the changes

ir. SRM response to various system events curing the accident, so as to

obtain useful information about core conditions at the various stages.

Based on the known end-state reactor conditions, the major system

events, and the actual SRM readings, self-consistent estimates were

made of core liquid level, void fraction in the coolant, and locations

af core sateriais. 7 .-.is analysis expands the possible interpretation

cf the S?y data relative to core damage progression. The results

appear tc be consistent with other studies of the TMI-2 Accident

Evaluation Program, and provide information useful for the development

and determination of tne TMI-2 accident scenario.
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1 . INTRODUCTION

The accident at the Three Mile Island Nuclear Generating Station

Unit-2 (TMI-2) resulted in extensive damage to the reactor core of

this pressurized water reactor (PWR). This damage Included fuel

melting and the relocation of 10-20 tonnes of the fuel into the lower

plenum. A number of groups'"1* have studied the accident in an effort

tc understand the various events that resulted in the existing final

core configuration shown in Figure 1.1.

The accident is the most severe to have occurred at a commercial

PWR reactor to date. A better understanding of its progression as

well as quantification of a number of unknown parameters will provide

insight regarding degraded core accidents and their mitigation. This

work examines the response of the source range monitor (SRM) during

the accident in an attempt to resolve a number of outstanding issues

including the following:

a. What was the coolant inventory as a function of time?

b. How can the relocation of the core into the lower plenum and

tne formation of a coolable configuration se understood?

c. What was the precise sequence of events that led to the core

d. What napcer.ed to the control rod material during the core

neat -up and subsecue-.t degradation?

The study was ccr.Suctei as part of tne TMI-2 Accident Evaluation

Progras.* T-.is pre gran is sponsored cy tne U.S. Department of Energy

ir.d is directed towards understanding what happened during tne

acci-ent and resolving tne outstanding technical issues relating to
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the accident. The analysis reported her* complements this effort

providing additional insight into the progression of the accident.

The analysis examines the SRM data recorded during the first four

hours of the accident. Normally these detectors provide a measure of

the neutron level in the reactor when the reactor is shut down or at

very low power levels. The response of the detector is determined by

the neutron flux at the detector location. Tnls flux is in turn a

function of the core power history, fuel distribution, moderator

density and distribution, and the distribution of control rod material

in the reactor. Previous work has shown that these ex-core detectors

provide a measure of the global status of the core and contain useful

information on a variety of parameters relating to the fuel, moderator

and control elements.1 '•
l"

Since the detector response during the

accident deviated significantly from that of a normal shutdown for an

undamaged core (see Fig. 1.2).1' an analysis of the SRM response

should provide additional insight into and details of the accident.

As part of the TMI Accident Evaluation Program, the information gained

In this way will be a benchmark in the development and verification of

a test-estimate accident scenario.

Figure 1.3 depicts the accident progression**
•
as determined from

known end-state conditions of the core and reactor vessel, data from

plant instrumentation recorded during the accident, and tne results

r-orn best-estimate analyses of the accident employing the severe core

damage accident progression code S70A?.1* Part of this wcrk was

directed towards determining if the SRM response was consistent with

tnls scenario. The remainder cf this section describes the

scenario* and the uncertainties relating to it.
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Tne accident was initiated by a loss of feedwater. Through a

series of operator errors, marginal design, Inadequacies in training

and emergency procedures and the mechanical failure of the

power-operated relief valve (PORV) to fully close, this loss of

feedwater transient resulted in a small-break loss of coolant accident

(LOCA). Between 100-120 minutes after the initial loss of feedwater,

the core began to uncover- This is substantiated by the measurement

of superheated steam in the hot legs at 113 min. Best-estimate

predictions indicate that core temperatures were high enough to

balloon and rupture the fuel rod cladding at about 1**0 min, releasing

some of the noble gases and other more volatile fission products, such

as the iodine and cesium located in the gap between the fuel pellets

and the cladding. Fission products were detected by the containment

radiation monitor at about 143 min. These predictions also suggested

that cladding temperatures began to rapidly increase at about 150 min,

due to zircaloy cladding oxidation, and quickly exceeded the zlrcaloy

cladding melting point ("2170k). The molten zircaloy Is thought to

have dissolved some of the UO2 fuel. The liquefied mixture probably

flowed down and solidified in the lower, cooler regions of the core.

The lowest level to which the molten material flowed was probably

coincident with the coolant liquid level, which is estimated to have

been in the lower one-third of the core.

By 171* min (just prior to the primary coolant pump transient, as

discussed later), local oore temperatures had probably reached fuel

melting, particularly in the central, highest-temperature regions of

the core. Between one-quarter and one-half of the core probably

attained cladding melting temperatures and some subsequent fuel
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dissolution and relocation. During the time period between 150 and

170 aln, a relatively solid region of oore materials composed of

previously molten and Intact fuel rods oould have formed, as

Illustrated in Figure l.3.a. The top of the core probably consisted

of highly oxidized fuel rod remnants. High -temperature molten

material probably had not yet penetrated below 0.75 m above the bottom

of the core, since the Self Powered Neutron Detectors (SPNDs) at Level

1 and 2 (3.25 and 0.75 m above the core bottom, respectively) did not

Indicate any anomalous behavior.

The primary coolant pump transient at 174 min. rapidly Injected

some water into the core. However, the amount of water and the extent

of core cooling is not known. Furthermore, flow blockage, resulting

from the relocated material In the lower regions of the core probably

limited coolant flow mtc tne core. Thermal and mechanical shock due

to the injected coolant would result in embrlttlement and

fragmentation of the fuel rod remnants in the upper regions of the

core. These fuel rod fragments could have collapsed downward towards

the molten and relocated core material, forming the rubble bed shown

in Figure 1.3.=.

Thermal calculations and flow estimates suggest that the zone of

relocated core materials continued to heat up even after injection of

this water into the oore at 174 sinutes. These calculations are

ocr.s latent with recent analysis of tne in-core thermocouple alarms.

The terioneral tnermocoutles responded to ooclant Injection into the

oore by falling back from a high- temperat ore alarm state, while the

central thermocouples remained in their nigh-temperature alarm state

ir.tr. the core was flooded -:th coolant, indicating the presence of a
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temporarily noncoolable mass in the central part of the core even

before the pump transient.

Most, if not all, of the core materials found in the lower plenum

probably relocated at approximately 225 min In a molten form. This

relocation was indicated by anomalous output from the Level 1 and 2

SPNDs and by a very rapid increase of approximately 2 MPa in the

primary system pressure. The increase in system pressure was

apparently caused by the generation of substantial quantities of steam

as the hot core material flowed into water in the lower plenum. The

steam and water probably fragmented the molten material as it

relocated into the lower plenum. This fragmentation may have resulted

in the formation of a coolable configuration in the lower plenum.

Core heatup and further core degradation were probably halted at this

time by the presence.of water in the lower plenum and the continued

injection of water into the RCS by the high pressure injection system.

The postulated final damage configuration of the reactor core and its

support structures is illustrated in Figure 1.3-c.

As discussed by reference 6, a number of basic issues remain to

be resolved. These issues are given in Tatle 1.1. The objective of

this work was to analyze the SRM response, particularly during those

times corresponding to when the dramatic changes in core geometry or

coolant conditions were thought to have occurred, to allow

benchmarking the accident scenario discussed hers as well as to

resolve a number of tne outstanding technical issues identified in

Table 1.1 .

To accomplish this objective, a series of neutronics calculations

were performed using the DOT 4.2 computer code. These simulated the



TABLE 1.1

Unresolved Technical Issues

Related to the Accident Scenario4

RCS W-mal-Hvdfauiics

1. What was the coolant inventory as a function of time?

2. What were the flow patterns within the reactor vessel?

3. How was the core reflooded?

Core Damage Progression

1. What was the peak temperature?

?. How did the cont'd and burnable poison rod: interact with the fuel

rods?

3. what was the e»tent of flow blockage, and how did 1t affect the

hycrogen production?

*. How can the relocation of the core Into lower plenum ans me

subsequent 'omatlon of a cooiable configuration be jncerstood?

5. What was the degree of damage to the core support assembly.
Instrument structures, and RV lower head?

F'sslon Product Sefavior

1. What -ere the releases f'om the fue. of the less volatile f
*

s s 1 or

;rod'jc ts7

2 What -e'e the chemical forms of the fission oroducts?

3. -hat we-e the physical and chemical Interaction: that a'fected

fission oroduct t-ansport?

i. uow c"d the 'or;-ter- exoosjre to an aqueous environment af*> t

Msslon oroduct behave?
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material conditions in -the reactor during the accident in an effort to

reproduce the SRM response.

In the sections that follow, the analytical approach as well as

prior work are described. Specifically, section 2 describes prior and

related work. In section 3. the calculatlonal method used in this

analysis is presented along with benchmark calculations. Section 4

presents the results of the analysis as well as the uncertainties.

Section 5 provides a summary of the conclusions of this work.
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2. PREVIOUS WORK

A number of previous works have analyzed the TMI accident in an

attempt to understand its progression. These studies Include analysis

of tne SRM response as well as analyses of the response of other

lncore and ex-core instrumentation. This section describes a number

of these studies relating to the present work.

The SRM response during the first 240 minutes of the accident is

shown in Fig. 2.1.' A number of groups including NSAC.1"* Malloy and

Chang,* and 0RKL* have examined the response.

The NSAC study analyzed the response during the accident in an

effort to correlate the structure with various system events and a

postulated scenario. They explained the structure as follows.

The increase in count rate from point B to point E of Fig. 2.1'

was due to homogeneous voiding in the core and downcomer (caused by

water flashing to steam as the system pressure decreased) which

resulted in decreased attenuation of the neutrons. The 3- and A-loop

coolant pumps were turned off at point D and point E respectively.

Turning cff the A-loop coolant pumps is believed to have caused phase

separation, with the steam voids moving up and the liquid water

settling downward in the vessel and primary system. This would have

resulted in liquid water filling the co-e and down corner causing the

count rate to drop at ocir.t ". It is believed that at that time the

coolant mass inventory was still sufficient to cove- the oore and to

fill the downcomer. Filling of these regions -itn coolant of near

nornal density would cause tne count rate to drop to nearly tne normal

val.;e for an ur.voided core as occurred at point '. The normal decay
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Figure 2.1 TMI-2 Accident Source Range Monitor Response.
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curve shown m Figure 2.1 is tnat resulting from an actual TMI-2 scram

that occurred at TMI about one week before the accident.

As the core heatup continued, the coolant boiled off, the core

began to uncover, and the downcomer water level began to drop. The

decreasing levels caused the count rate to increase from points F to

point K. It should be noted that the downcomer water level should be

lower than the corresponding two-phase mixture level in the core due

to the hydro-static pressure equilibrium.

The leveling off and decrease of the count rate from point H to

point I could be accounted for either by the overfilling or continuing

to empty. In emptying, two counterbalancing effects interact to

produce a decreasing count rate. As the water level decreases, the

amount of neutron shielding decreases. This decrease Increases the

leakage of neutrons from tne core, tending to raise the count rate.

At the same time, the loss of coolant decreases both the photoneutron

source strength, and the effective neutron multiplication factor of the

core, causing a decrease in source strength. The decreasing source

strength tends to decrease the detector count rate. Based on water

flow rates and ether evidence, the vessel is thought to have continued

to emoty. At point ', the short-term flow from the operation of the

number 23 pump probably filled the downcomer* and caused the rapid

drcp in SRM count rate. From point J to L. tne water injected by the

23 pump is boiled off, decreasing shielding and increasing neutron

levels at tne S?_m. At point '-, tne High Pressure Injection System

:-:*IS) filler tne downcomer and the core regions, thus returning the

count rate to near tjt higher than normal values.



The Interpretation discussed above showed that the response of

neutron detectors located outside the reactor vessel could be

correlated with the coolant conditions in the TMI vessel during the

accident.

To understand the effects of the vessel coolant status on the

ex-core detector's response, a detailed neutronics analysis is

required. For large-break LOCA's, Gundy1
*
has analyzed several LOFT

experiments using such an approach. NSAC'*' and Malloy and Chang'

performed similar analyses for the TMI accident.

These analyses focused on the coolant status during the first 174

minutes of the TMI accident. Because the extent of the core damage

was unknown at the time these studies were conducted, an intact core

configuration was assumed. Video and sonar data,10'12 have shown that

the core was severely damaged in the accident. Furthermore, thermal

hydraulic data recorded during the accident suggests that this damage

began as early as 140 minutes into the accident. As a result, the

work by NSAC and Malloy and Chang are suspect beyond the onset of core

damage. It is necessary to analyze the SRM signal beyond this time in

light of this new information.

Estimates of coolant inventory have also been done using

available thermal hydraulic data, system operation characteristics,

and the initial conditions prior to the accident.2 Tne core liquid

level based on the analysis in Reference 2 is given in Fig. 2.2. It

should te noted that the data shown in Fig. 2.2 is based only on

thermal hydraulic considerations and do not take into account the SRM

data or analyses.
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In Reference 3, a comprehensive analysis of core instrumentation

and other instrumentation responsive to fuel degradation during the

TMI accident is reported. The purpose of that analysis was to try to

understand and assess the core damage at TMI. The instrumentation

examined included core exit thermocouples, self powered neutron

detectors, ex-core neutron detectors, and containment radiation

monitors. The ex-core detector work included a detailed neutronics

study which updated the earlier unpublished work of Reference 18.

Based on the analyses of the various instrument responses during the

accident, the study concluded that:

a. The response of the containment area radiation monitors at

142 minutes suggests that fuel damage had occurred.

b. The neutron transport analysis of the ex-core neutron

detectors showed that the reactor vessel water level

continuously decreased from the time the last coolant pump

was shut off (at 100 minutes) until the restart of the 2B

pump at 174 minutes.

c. The sudden rise in the SRM at 225 minutes along with sudden

changes in other instruments suggests that major core

disruption may have occurred at that time. The report

speculates that this may have been the time at which the

upper core region collapsed and formed the rubble bed.

The revised SRM analysis of Reference 3 Included a neutronics-

based prediction of core water level, the results of which are shown

in Fig. 2.3.

It should be noted that none of the works discussed above used

models of the core which were consistent with the core damage scenario
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envisioned by the TMI-2 Accident Evaluation Program.* As a result,

the various neutronlcs analyses of the SRM response are in need of

reexamination. Since It Is now known that the damage to the TMI core

is much more extensive than originally envisioned in any of these

studies, an updated analysis is needed. For example, the previous

analyses did not consider the core reconfiguration that is now thought

to have occurred when the 2B pump was restarted at 174 minutes or the

presence of fuel in the lower plenum.

Finally, several simplifying assumptions were included in the

NSAC transport analyses of the ex-core detectors which have the

potential to significantly alter the results. It was, for example,

assumed that an analysis of the effects of core water level and

moderator density done to explain the SRM behavior prior to 174

minutes could be extrapolated to times beyond 174 minutes. This

extrapolation assumed an intact core, which is inconsistent with the

current scenario. As a result, no analysis of the SRM response beyond

the start-up of the 23 pump at 174 minutes was done. Also, the

changing energy content of the neutron flux at the SRM location and

its effect on SRM response was neglected.

Since core damage is known to Influence the SRM response as shown

by Baratta et al,1* any analysis must take this into account.

Furthermore, as the core voids, the neutron flux at the detector

changes significantly -in its energy content, causing an alteration in

SRM sensitivity which must also be accounted for.

A related analysis worth mentioning concerns the fuel

distribution in the TMI-2 damaged core. This analysis is based on

thermal neutron flux measurements obtained from two strings of solid
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state tracK recorders (SSTR).1*'1* The SSTR's were Installed In the

annular gap between the TMI-2 reactor vessel and the biologloal shield.

Readings obtained from the SSTR's were then used to estimate the

thermal neutron flux In the gap.** The resulting axial flux profile

differed signif loantly from what would be expected for a normal oore,

and suggested that there might be some fuel relocated to the lower

head, although the amount was not quantified in the initial study.'4

The flux profile obtained from the SSTR readings was further

analyzed using the discrete ordinate transport code, DOT 4.3, and

associated neutronlcs models of the damaged core.1* A total of eleven

different models were tried. The various models examined differed in

the way the fuel was distributed in the core and in the source

strength used for the fixed sources.

The SSTR analysis1
*
showed that the thermal fljx profile was

dominated by neutrons streaming in tne annular gap from fuel in the

lower vessel head. The SSTR readings were also found to be relatively

insensitive to the arrangement of the fuel inside the normal core

region. Satisfactory agreement between the calculated and measured

thermal flux profile was obtained with '0 tonnes of UOj 1" the lower

plenum. Allowing for uncertainties in the calculations and in the

measurements it was estimated that there were between 5 to as many as

2- tonnes of UC^ in the lower plenum. This 33T=. analysis1* for the

first time quantified tne amount of fuel' relocation in the lower head.

This was done prior to the vls-al examination of the lower head, which

confirmed tne presence of core material tnere. Togetner with the worK

of the Accident Evaljati:n Program, this suggests that the SRM data

-ave tie potential to s-tstantlally improve our understanding of the



core material relocation and the core liquid level uncertainties

during the accident. Indeed, this inspires the present work and the

approach used herein.
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3. CALCULATIONAL METHOD

The source range monitor response depends on two factors:

neutron source distribution and the shielding effect of materials

between the core and the detector. To analyze the SRM response during

the TMI-2 accident, both need to be modeled properly. In this

section, the calculatlonal method used In the present analysis Is

described and its adequacy is Justified. First, the calculation of

neutron source strength for the period of interest is described In

subsection 3.L This establishes the neutron source distribution for

the analysis of the SRM response. Second, reactor models are

constructed for computer code simulations. In this work, the

two-dimensional, neutron transport code DOT 4.3*
l
was used. The

method used by the DOT code in calculating the spatial and energy

distribution of the neutron flux in a two-dimensional geometry la

known as the method of discrete ordlnates. In this method, tne

Boltzmann transport equation for neutral particles Is approximated

numerically by a finite spatial mesh, a finite energy mesh, and a

feature unique to discrete ordlnates codes, a finite angular mesh at

each spatial mesh. Thus, given a source of neutral particles

(neutrons or photons) and a tabulation of microscopic Interaction

cross sections (which may include anisotropic scattering), XT can

provide an accurate approximation of the energy, angular, and spatial

distribution of the neutron flux anywhere within the system being

modeled. In addition, the DOT code has the capability to model

symmetric systems in one of three two-dimensional coordinate systems:

X-Y Cartesian geometry, R-Z cylindrical geometry and R-0 cylindrical

geometry.



In this analysis, the R-Z cylindrical geometry was used. The

reactor models include core, Internals, vessel and shielding. The DOT

symmetry axis was taken to correspond to the axial axis through the

centerline of the reactor vessel. The models were divided into a

multitude of homogeneous zones representing several core sections,

reactor upper internals, lower internals, vessel, shielding, etc.

To assure the adequacy of the calculatlonal method, including the

source term, the reactor modeling technique and the computational

procedure, the method was first applied to two loss-of-coolant

experiments of the Loss of Fluid Test (LOFT) Facility.22 Since LOFT

was well instrumented, more complete measurements of pertinent

parameters were available for comparison with calculations. This

comparison allowed verification of the methodology prior to its use in

analyzing the TMI-2 SRM response during the accident. The reactor

model and the procedure for cross section preparation for the LOFT

facility are described in subsection 3.2, while those for TMI-2 are

given in subsection 3.3. Subsections 3.4 and 3-5 describe the

bench-mark calculation of LOFT experiments LP-SB-2 and LP-SB-3,

respectively.

3.1 Source Term Calculation

There are several possible neutron sources in a recently shutdown

reactor core. The major source for the first few minutes after

shutdown is the delayed neutron source, which is strongly time

dependent. 5y using a point kine*tics code2' with six delayed neutron

groups, it was determined that the delayed neutron source for the LOFT
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facility during the experiments fell to L^xiO' n/sec In ".000 seconds.

A second neutron source arises from spontaneous fission which occurs

due to the buildup of Pu-240 and Cm-242. The inventory Is quite small

in these experiments. This source, as calculated by the ORICEN code1"

is only 1.4x10* n/sec. A third neutron source results from the

Inventory of the alpha emitters. For example, an alpha-n neutron

source is produced through the reaction

0«« ♦ a — He11 ♦ n.

The total neutron source from alpha-n reactions, as calculated by the

ORIGEN code Is 4.38x10* n/sec. The start-up source Is from the

spontaneous fission of Cf-252 with a source strength of 3.38xi0T

n/sec. The last major neutron source is from photoneutrons . Fission

products emit high energy gammas which result in photoneutron

production through reactions such as

?* » y , Hi * n.

This reaction has a threshold energy of 2.226 Mev, so that only the

higher energy gammas can cause this reaction.

Figure 3*1 shows the procedures used to calculate the

photoneutron source. The time dependent gamma source from fission

product decays was calculated by the ORICEN code.2* To convert this

gamma source to a neutron source, a shielding calculation was

performed to determine the spatial distribution of the gamma flux. A

space and energy dependent photoneutron source was calculated assuming

3.C5I 0,0 In K,0.

A comparison of tne strengths of the different neutron sources at

LOFT is provided ir Table 3-1 • It appears that all sources are

negligible with respect to the photoneutron and delayed neutron



ORIGEN

Garaia Source in Core

( 9 Groups with E > 2.26 Mev )

DOT

7 Group Gamma Calculation

Gamma Fluxes in Core

Photoneutron Source

Calculation

5 Group Spatially Distributed

Photoneutron Source

igure 3.1 Procedure for calculation of photoneutron source.
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TABLE 3.1

Neutron Sources In the LOFT Core After Shutdown

Source n/sec Comments

Delayed neutron

Photoneutron

Alpha-N source

Spontaneous fiss.

Start-up source

3.70* 10'3
"

i.97« 108 (100 to 1000 sec)

2.74* 1010
"

1.22*10]° (100 to 1000 sec)

4.38xi05 (" Constant)

1.40x10s (" Constant)

3.38x107 (" Constant)



sources. The time-dependent photoneutron and delayed neutron sources

are shown in Fig. 3.2. This figure shows that the delayed neutron

source dominates during the first 400 seconds after a shutdown. The

photoneutron source then begins to become significant at about 400

seconds, and it becomes the dominant neutron source at about 900

seconds .

Since the coolant inventory in the primary system changes very

slowly during a small-break loss of coolant accident (LOCA), it can be

assumed that the neutron flux shape does not change significantly In

the first few minutes. The detector response then follows the delayed

neutron decay curve. At 1000 seconds after the reactor shutdown, the

photoneutrons are the dominant neutron source. The photoneutron

source plays the role of the external source and causes the fission

chain reactions in a subcritlcal shutdown reactor- The neutronics

behavior of the core in this time period depends on the core coolant

status and the strength of the photoneutron source. By assuming that

the flux shape changes very slowly in a small-break LOCA, the

neutronics analysis can then be performed by a series of static

calculations with the estimated core void and source strength

distribution at each time point. Therefore, a shielding type

calculation with a distributed fixed source plus fission, was

determined to be the best approach for tnls analysis.
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» \
^
Total Neutron Source

?^oconeucron

Delayed Neucron

J. _L X

500 ooo ; 500

Tine (seconds)

:coo 2500

Figure 3.2. Estimate of photoneutron emission rate, delayed neutro:

production rate, and total neutror. production race

following scram.



3.2.1 Reactor Model

The LOFT facility.22 a 50 MWth PWR, is designed to simulate the

major responses of the components and systems in a commercial PWR to a

LOCA. The facility includes the reactor vessel, the Intact loop, the

broken loop, the blow down suppression system, and the Emergency Core

Cooling System (ECCS). The major components of the LOFT facility are

shown In Fig. 3.3, and the reactor is shown in cross section in Fig.

3.4.

Tne neutron detectors are located outside the reactor vessel on a

water filled shield tank. As a result, the neutronic model of the

LOFT reactor covers a large number of regions. The models contain the

core regions, the upper internal regions, the lower internal regions,

the downcomer regions, the reactor vessel, the vessel gap region, and

the biological shielding. Because of the large number of regions to be

modeled, with the corresponding large physical dimensions in each

direction, the mesh spacing size is kept fairly large and the number

of neutron energy groups is kept small to save computation time.

The neutronics model for the LOFT facility was developed from the

geometry given in Reference 17. The R-Z geometry for the model used

in this work is shown in Fig. 3.5. Also shown are the locations of

the source range monitor (SRM) and the detectors A, B, C and D which

are part of a specially installed Penn State Non-Invasive Liquid

Level/Density Gauge System (SRM, A, 3, C and D are located in the

shield tank water region in the figure, respectively). The model
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30
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Figure 3.4. LOFT reactor vessel and internals.
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simulates the core, downcomer, vessel, air gap, and the shield tank

beyond the detector location, including the aluminum neutron windows,

which are plates of aluminum in front of the detector tube locations.

The aluminum neutron windows displace the water in the shield tank in

front of the detectors resulting in less neutron absorption and a

stronger detector response.28 Boundary conditions used were vacuum

top, bottom and right side and reflected on the left.

The model includes radial and axial core regions. The LOFT core

consists of five full-fuel assemblies and four partial-fuel assemblies

in order to simulate an approximate cylinder (Figiire 3 .4). The first

radial boundary of the model corresponds to the boundary of the

central fuel assembly. The axial regions are modeled according to the

voiding data available from the LOFT facility- Voiding data available

from the LOFT facility are in the form of a so called 'bubble plot',

which is generated from conductivity probe data.22 The conductivity

probes are located at different elevations in the core and downcomer.

The axial regions were modeled in such a way that every axial region

covers two sections of the bubble plot data. Table 3.2 gives the

axial and radial mesh spacing used in the LOFT reactor Model. The

spacing used was found to be sufficient to prevent inaccuracies or

negative fluxes in the discrete ordlnates "diamond difference" model.

3.2.2 Cross Section Preparation

A five group cross section set was used in the LOFT small-break

LOCA analysis. The five-group cross section set was collapsed from a

123-neutron-group library. The group structure used in this analysis
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is shown in Table 3.3. The 123-neutron-group library has a fast group

structure consisting of the GAM-IZ energy boundaries combined with a

30-group THERMOS structure below 1.86 ev. The 123-group neutron

library is in AMPX master library format.** The AMPX code NITAWL**

was used to make a resonance self-shielding calculation using the

Nordhela Integral Method treatment.
>T

The geometry, dimensions, and

number densities for the various core regions and unit cells were

taken from Reference 28. The core fuel rod unit cell, which is shown

in Pig. 3.6. was a standard single-fuel-rod transport calculation with

no control rod material present. The control rod super cell, shown In

Fig. 3.7 consists of one control rod unit cell and four adjacent fuel

cells. The fuel cells were homogenized at the outermost region of the

super ceil. To account for buckling, the height of both unit .cells

was chosen to be the core height. The radial reflector conf iguratlon

shown in Fig. 3*3 extended out to tne shield tan*, water in order to

obtain cross sections for the radial reflectors, the reactor vessel,

the stainless steel shields, the shield tank wall, the aiucir.ua

neutron window and the shield tank water- The number densities for

ail tne compositions used in this model are given in Taole 3--. Cross

sections for the fuel rod unit cell were generated for Oi, 201, «0i,

6:?, 3CS, and rZZ'» homogeneous void fraction. Cress sections for the

control rod super cell were calculated for :?, 501, and • DC1 voiding.

The conventional few-group cross section generation p-ocedure -as

used to o-eate the five-group cross section Horary. The procedure is

given In Fig. 3-9. The collapsing of the 123-neutron-group licrary

was performed with the AK°:< one-dlaensional transport code XSDS.\'?Y.24

After the unit cell, the super cell and the -eflector calculations



TABLE 3.3

LOFT Five Group Cross Section Energy Structure

Group Upper Energy Bound (MEV) Fission Spectrum

l 1. 4918x10' 0.68976

2 1.0026 0.31024

3 1.1706x10-2 0.0

4 1.0130X10"1* 0.0

5 6.5000x10"7 0.0
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Figure 3.6. i-D model for LOFT fuel unit cell.
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Figure 3.7. 1-D model for LOFT control rod super cell.
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TABLE 3.4

LOFT Reactor Element Number Density

Zone Element Number Density (atom/barn-cm)

Fuel rod H

0

B-10

B-ll

Zr

U-235

U-238

Control rod H

0

B-10

3-11

Mn

Ni

Fe

Cr

Ag
In

Cd

Downcomer water H
*

0

B-10

B-11

Core barrel Mn

Ni

Fe

Cr

Vessel Fe

Shield tank water H

0

Window Al

2.55052E-02

2.62132E-02

9.46088E-07

3.83670E-06

3.70424E-03

2.71168E-04

6.45917E-03
1.18430E-03

5.92172E-04

4.39320E-08

1.78163E-07

2.75850E-05

1.06488E-04

7-72415E-04

2.28364E-04

8.88704E-04

1.69834E-04

5.33106E-05

5.01480E-02

2.50740E-02

1.86019E-06

7.54369E-06

1.75400E-03

8.20700E-03

5-95300E-02

1.76600E-02

8.47500E-02

6.68640E-02

3-34320E-02

6.02420E-02
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123 Neutron

Cross Section Library

NITAWL

XSORNPM

Fuel Cell

XSORNPM

Control Rod Cell

NITAWL

XSORNPM

Reflector

NITAWL NITAWL

NITAWL

CIP

Five Croup
Cross Section Library

Figure 3.9. Five group cross section library preparation

procedure for che LOFT neutronics analysis.



were made for each void fraction, the individual few-group cross

section sets were combined two at a time using the code NITAWL to

create a five-group microscopic cross section library. The code GIP*

was then used to produce a five-group macroscopic cross section

library in DOT library format (binary format).

3.3 TMI-2 Reactor Model and Cross Section Generation

3.3.1 Reactor Model

The configuration of the TMI-2 core is shown schematically in

Fig. 3-10. The core, along with its pressure vessel and concrete

biological shield was simplified to a form which could be handled by

the DOT code. The reactor model of TMI-2, shown in Fig. 3.1 1, was

based on the model reported in NSAC-28.' The core is separated into

two radial regions. It is modeled in this way because there existed

an approximately one-fuel-assembly thick band of undamaged, normal

fuel around the core at its outer periphery. The presence of this

fuel was determined by video and sonar readings taken of the damaged

core.10 Axial divisions in the core region are sized and spaced to

provide more detail in regions of major core slumping and lowest core

water level.

The spacer region is a homogenized representation of the core

liner and the water between the liner and the barrel. This region is

treated as part of the core, i.e., the void profile in this region is

the same as that in the core region during the boil-off. The

downcomer region consists of the core barrel, water gap, thermal

shield and downcomer.



Control Rod

Drive

Control Rod

Assembly

?l«nun Assembly

Oucltc Nozzle

Core Barrel*

Surveillance Specimen*

Holder Tube

Lover Crid

T'.cu Distributor*

43

Studs

Control Rod

Cuide Tube

Core Support*
Shield

Xnlec Nozzle

Fuel Assembly

eactor Vessel

herns! Shield*

uidt Lugs

Incore Instrument*

Cuide Tubes

Incore Instrument

Nozzles
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Figure 3.10. TMI-2 reactor vessel assembly-
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Figure 3.11. TMI-2 reactor R-Z model for DOT calculation.

(Dimensions in cm)

I



45

The lower head portion of the model was not included In the

original NSAC-28 model because the final status of the core was not

completely known at that time. Video scans and sonar readings10"11

have subsequently shown that the oore was severely damaged and

significant amounts of oore material relocated to the lower head. The

air gap near the lower head provides the neutron streaming path for

the neutrons in the lower head to reach the detector. Analysis has

shown that the fuel in the lower head provides the dominant neutron

source to the ex-core detector response for the damaged core.1*'"

Hence, it Is necessary to model the lower head portion to understand

the SRM response during the accident. Table 3.5 gives the detailed

axial and radial mesh into which the TMI-2 was divided. The model

uses 2«»336 mesh cells, a number found to be sufficient to avoid

inaccuracies or negative fluxes in the discrete ordlnates "diamond

difference" model.

Boundary conditions used were vacuum on top, oottom and right

side of the model and reflected on the left boundary.

3.3.2 Cross Section Preparation

The DOT code calculations for the TMI-2 accident analysis were

made using a five-group cross section set. The five-group energy

structure, shown in Table l.i was -sed by Argor.ne '.'at tonal Laiaratory

for their TYI-2 neutronics st-dy.' The intact core element nuster

denslties are given in Table I.7. These number densities include

control material and a solucle boron concentration of 1260 ppm3.
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Table 3.5B (continued)

48

171 5.109E^2

176 5.252E-2

181 5.395E^2

186 5.537E-2

191 5.680E^2

196 5.S23E-2

201 5.969E^2

206 6.122E*2

172 5.13SE^2

177 5.281E^2

182 5.423E-2

187 5.566E^2

192 5.708E^2

197 5.851E^2

202 6.000E^2

207 6.152E^2

173 j.lo/r--

176 5.309E^2

183 5.452E*2

188 5.594E^2

193 5.737E-I-2

198 5.880E-2

203 6.030E-2

208 6.182E+2

5.I95E-2

179 5.338E-2

184 5.480E^2

189 5.623E-r2

194 5 . 766E-I-2

199 5.908E-2

204 6.061E^2

209 6.213E-2

X ' '-> - —n-~

180 5.366E-__

185 5.509E^2

190 5.651E-2

195 5.794E-2

200
k .939E-I-2

205 6.091E-2



TABLE 3.6
e

TMI Five Group Cross Section Energy Structure'

Crouo Upper Energy Bound (Hev) Fission Spectrum

2

3

u

5

:.300CxlO

3.2085x10"'

5.5308x10"3

i.855*»xiO"6

6.2«93x10-7

0.7605^

0.239295

i.8ouo8xio_*

0.0

0.0



TABLE 3.7

TMI-2 Reactor Element Number Densities

Zone Element Number Density (atom/barn-cm)

Upper internals

Core

Lower internals

Spacer

Downcomer

Vessel

H

0

Si

Cr

Mn

Fe

Ni

3-10

H

0

Zr

U-235

U-238

Cd

In

Ag
B

H

0

Si

Cr

Mn

Fe

Ni

3

H

0

Si

Cr

Mn

Fe

Ni

B

H

0

Si

Mn

Fe

Ni

B

Mo

Si
'

Cr

Mn

Ni

1.6684E-02

2.3328E-02

1.1139E-01

1.9820E-03
1.7227E-0«

6.6202E-03
9.7004E-0*.

9.86U1E-06

3.1296E-02

1.2952E-02

U.1537E-03

1.6902E-0U

6.3069E-03
2.

1.

1.

1.

0069E-05

9802E-05

0576E-04

2760E-05

2330E-02

2.1143E-02

1.7520E-04

3.1250E-03

2.9856E-OH

1.1M0E-02

1.6763S-03

8.9*»OOE-05

7138E-02

853*»E-02

£33^-01*

1719E-03

H875E-OH

1.7195E-02

2.5195E-03

836UE-06

9595E-02

9766E-02

2172E-Oi4

3342E-03

3.7783E-0iJ

.M77E-02

3600E-02

.7137E-M

26U1E-M

2746E-04

1201E-03

3.1979E-02
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The cross sections were generated from the VI7AMIN-E11 17^-group

neutron cross section library and collapsed by using the codes in the

AMPX system. The original 17«-group library was in AMPX master

library format. This library has separate resonance information for

several elements, including Uranlum-238. The code BONAMI2
*
was used

to make a Bondarenko resonance self-shielding calculation to combine

the resonance and non-resonance data. In these resonance

self-shielding calculations, the damaged fuel was modelled as a sphere

whose radius is the same as that of an intact pellet. This fuel was

in turn surrounded by shells of cladding and coolant such that the

fuel occupies 63? of the total cell volume.

The five-group cross section preparation procedure for TMI-2

neutronics analysis is slightly different from that of the LOFT

analysis. The procedure is shown in Fig. 3.12. The code 30NAMI was

used to make resonance calculations because the VITAMIN-E cross

section library can only be handled by the BONAMI code. Unit cell

calculations were performed to homogenize the materials in the unit

cell with void fractions of OS, 205, 405, 60%, 80S, and 1001. No

group collapsing was performed during the cell calculations. Cell

weighting was used in the cell calculations to generate cross sections

consistent with the mockup of a cell configuration as a homogenized

region. One-dimensional radial full reactor model calculations were

performed by XSDRNPM2' code to collapse the 17^-group cross section

library to a five-group cross section set with void fractions of OS,

205, U01, 5C5, 805, and 1005.

To justify the adequacy of the cross section preparation usee in

tr.is work, a series of calculations were carried out using the
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174 Neutron Group Library
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Figure 3.12. Five group cross section library preparadon

procedure for the TMI-2 neutronics anaivsis.



one-dimensional ANISN code.12 All calculations were performed using

an S, -quadrature set with P, scattering. The calculated results

showed that the total flux at the detector location increased by a

factor of 122 with void fraction of 100* in the vessel using the

1714-group cross section library. There was an Increase by a factor of

140 using the five-group cross section library. These results

satisfactorily benchmarked the mesh and group structure, thus

indicating that the five-group cross section sets were adequate for

this analysis but provide an uncertainty of about 15$ in the flux. A

detailed analysis of this uncertainty as well as that originating from

other factors is included in Section 4.

3.1 LOFT Experiment LP-S3-2

In the above, we have described how the source term

was calculated, how the DOT models were constructed, and how the

neutron cross sections were prepared. Having done these, we can now

calculate the SRM response. To justify the adequacy of the method, we

first applied it to LOFT experiments LP-SB-2 and LP-SB-3. A series of

computer simulations were conducted and the LOFT SRM response

calculated. This calculated response was compared with the observed

detector response in these experiments. Sensitivity studies on these

simulations were also performed in order to understand the general

behavior of the detector response. The resulting agreement between

the calculated response and the measured response showed that the

method described above was adequate for the SRM analysis.
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The LCFT experiment LP-SB-2 was a small-break LOCA experiment.

It simulated a three- inch-diameter pipe break in the primary system

hot leg." In this experiment the primary coolant pumps were kept

operating. This resulted in a homogenized and uniform distribution of

the ooolant for the first 1050 seconds. After that point, flow

degradation set in and forced circulation ceased at about 1300 seconds.

Therefore, to evaluate the response of the detectors, particularly the

source range monitor, a simulation of such conditions was performed

using the method outlined previously for various void fractions. The

results of these calculations are given in Table 3*8, where A, B, C

and D are the detectors of Perm State Non-Invasive Liquid

Level/Density Gauge System, and SRM is the source range monitor. The

locations of these detectors are shown in Fig. 3.5. This table was

constructed using soth the startup source and the photoneutron source

detailed earlier. Figure 3.13 is a plot of the data for the SRM

response based on Table 3.3.

To account for the effect of density changes on the photoneutron

source, the effective source Seff was expresses as

3eff
" ^ "

a)s>n* s3'

where S is the photoneutron source for a non-voided core, o the void

fraction, and S9 the startup source. The te-m (i-o) is included in

tr.e photoneutron source to account for tr.e reduction of coolant

density tr.rcugr. core voiding. It shcuid be noted tr.at this expression

rieglscts the pr.otor.eutrcr. source in the steam. Sensitivity analysis

snowed this to te negligible even in a highly voided core.



TABLE 3-8

Effect of LOFT Homogeneous Voiding on Detector Response*

Void Fraction Normalized Detector Response*

A B SRM C D

0$ 1.0 1.0 1.0 1.0 1.0

205 2.19 2.91 2.21 2.21 2.20

405 3.46 4.48 3.42 3.«1 3.«i

605 4.45 5.64 4.29 4.26 4.30

805 4.72 6.03 4.81 4.57 4.51

1005 4.84 6.24 5.04 4.83 4.76

* Detectors A, B, C, and D are part of The Penn State Non-Invasive

Level Gauge. The source range monitor (SRM) is part of the normal

LOFT nuclear instrumentation.
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Figure 3.14 shows the response of the installed LOFT SRM during

the experiment LP-SB-2. The experiment began with a reactor scram at

500 sec. The SRM response started to deviate from the normal shutdown

curve at about 900 seconds and reached a maximum deviation at about

1500 seconds. The ratio of the observed count rate to the normal

shutdown curve at this time is about a factor of 2.7. According to

the results of the neutronics analysis shown in Fig. 3.13, the core

void fraction at this point is estimated to be approximately 30$.

Cold-leg densitometer readings reported in Reference 33 yield a void

fraction of 33$, in good agreement with the neutronics analysis. A

comparison of cold-leg void fraction obtained from the densitometer

readings and those obtained from the neutronics analysis from 900 to

1500 seconds is shown in Fig. 3.15. Again, the agreement between the

measured data and that obtained from the neutronics analysis is good.

In summary, the results of the analysis of the LP-SB-2 experiment

show that the variation in neutron level can be used to obtain

information on void fraction in the core during the forced circulation

phase of a small-break LOCA.

3.5 LOFT Experiment LP-SB-3

Experiment LP-SB-3 was conducted to simulate a cold-leg

small-break LOCA, with a scaled Sreak size corresponding to a.

1.84-inch pipe diameter in a reference commercial pressurized water

reactor .

3 3
• "* The experiment was specially designed to achieve

conditions that would allow an assessment of the phenomena associated

with slow coolant boil-off leading to an uncovered core at high system
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pressures and tne usefulness of steam generator feed-and-bleed as a

means of plant recovery from degraded-core cooling conditions.

Figure 3*16 gives the actual SRM response during the experiment.

As shown in the figure, the SRM response started to deviate from the

normal shutdown curve at about 1100 seconds. The steady Increase in

the count rate Indicated an Increase in void fraction in the vessel

during operation of the primary coolant pump. The cold-leg densities

measured in the experiment also Indicated that the homogenized two-

phase mixture was pumped by the operating primary coolant pumps

throughout the system until the pumps were tripped at 1600 seconds.

The sharp decrease in the SRM response at 1600 seconds was due to the

shutoff of the primary coolant pumps resulting In phase separation

with the voids rising to the upper region of the vessel. The core and

downcomer regions were filled with liquid resulting in a shielding

effect on the ex-core detector- This effect was also observed in the

responses of the other detectors (A. B, C and 2).

As pointed out earlier, the SRM response deviated at around 1000

seconds from the normal shutdown curve. The deviation continued until

'600 seconds when the pumps were tripped. Fig. 3.17 compares the

calculated void fraction obtained from the SRM data with that

calculated from cold-leg densitometer readings reported in Reference

3". The resulting void fraction attained .'-or. the neutronics analysis

agrees well with that obtained from tne cold-leg densitometer

measurements.

At 3652 seconds, tr.e SRM response again deviated free the nornal

sr.utdown response. The deviation -as due to boil-off of the coolant

causing tne liquid level to decrease in both the core and downcomer
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regions. The level above the bottom of the core during LP-SB-3 was

estimated using the neutronic analysis during the coolant boil off

period from 3600 seconds to 5400 seconds using LOFT SRM response. The

neutronic analysis showed that the SRM response increases as water

level decreases. Fig. 3-18 shows the relationship between normalized

SRM response and downcomer water level. Here the downcomer is assumed

to be in hydraulic equilibrium with the core, thus, the core mixture

level is greater than the downcomer level due to the steam voids

generated in the core.

The data shown in Fig. 3- 11* was used to estimate the core water

level above the bottom of the core during LP-SB-3 was estimated. Fig.

3*19 shows the water level obtained from the neutronics analysis and

compares it with that estimated from the bubble plot data and

thermocouple data. Excellent agreement was obtained with the

thermocouple data. The comparison with the bubble plot data is also

good except for the period between 4700 to 5400 seconds where it is

poor. The disagreement between the bubble plot data and neutronics

analysis for times greater than 4700 seconds is believed to be due to

uncertainties in the bubble plot data rather than neutronics study.

Nonetheless, the analysis of the LOFT source range monitor

response shows that the SRM response can be explained in terms of

level and density changes in the core. To further demonstrate this,

the SRM response for LP-SE-3 was simulated using the estimated void

fractions obtained from cold-leg densities and the estimated core

water level obtained from the core thermocouples. The resulting

response obtained from this simulation and the actual SRM response are

compared and shown in Fig. 3.20.
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In conclusion, the application of the present calculatlonal

method to LOFT experiments, LP-SB-2 and LP-SB-3, shows that the method

gives satisfactory simulations of the actual detector response, and

lends credence to the calculatlonal method that Is further used to

analyze the SRM response during the TMI-2 accident.
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-. RESULTS OF ANALYSIS

As described In section 2, the SRM response during the TMI-2

accident has been analyzed by a number of researchers .* ",»
*
•
•

Using

the actual SRM response data, these analyses Interpret the core status

during the accident. For example, water levels during the first 17«

minutes into the accident have been estimated by use of this

information.1 The SRM response from 17- to 225 minutes and beyond

have not. .nowever, o»tn neutron! caiiy analysed in detail. It is

believed that a core reconfiguration could have occurred during this

time period.' Therefore, the S?y response from 'T4 to 225 minutes

is likely to contain information relative to the core reconfiguration

during the accident. Since previous work has shown the count rate to

be very sensitive to tne presence of fuel in tne lower head, such &

reconfiguration should manifest itself in tne SRM count rate.

A series of neutronics calculations using the calculatlonal

method described in section 5 were made to estimate core water levels

and to evaluate the hypothesis of the fuel relocation during the

accicent. Calculations were performed in an effort to describe the

changes of tr.e count rate in the SRM response for the period from 3C

to 225 minutes after shutdown. Frcr these results, a possible

explanation for tne observed response cf tne detector and tne

conditions cf the cc-e were then inferred. This analysis used as

int-t tne scenario described in Section i. It tr.-s serves to

ienc-.-sa.-k and amplify tr.is scenario.

7^ doslr.ar.t ne-t-cn so -roes that -ere present in tne ?vI-2 cc-e

during tr.e first 3 no-rs of tne accident -ere pnctcneutror.s and the



Americium-Beryllium-Curium (ABAC) start-up sources.* Originally,

there were two start-up sources in the TMI-2 core, each with an

estimated strength of 1.4x10* n/sec. The photoneutron source was

obtained for different times during the accident by the calculatlonal

procedure described in subsection 3.1. A five-group cross section

library was collapsed from the VITAMIN-E 174-group cross section

library. The DOT model and cross section preparation procedures were

described in subsection 3.3. The transport calculations utilized the

P,/S8 approximation.

To make maximum utilization of the knowledge learned about the

accident, the SRM response was not analyzed chronologically. Since

the SRM response showed normal readings at the beginning of the

accident, the response before the attempted restart of a B-loop pump

(i.e., for t < 174 minutes, where t is the time after the reactor-

shutdown) was analyzed first. Then, the knowledge about the end state

of the reactor learned from recent defueling work and analytical

studies was used to analyze the SRM response from t - 225 minutes

backward to t - 174 minutes. The procedures of the present analysis

are summarized in Fig. 4.1, where the calculational sequence of the

observed SRM response, the reactor conditions and/or system event on

which the calculations were based, and the parameters/quantities

determined from each calculation are given sequentially. This figure

also outlines the rationale for the present analysis. In the

following subsections, the details of these calculations and their

results are described.
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-.1 Homogeneous Voiding vcael 25 (<t < ^00 Minutes;

One-dimensional (1-D) ANISN'1 calculations were used to determine

the effect of homogeneous voiding on the source range monitor in the

time period from 30 to 100 minutes into the accident while the primary

coolant pumps were operating. The one-dimensional ANISN model is

given In Fig. -.2.

The percent voided coolant number density used in this and all

later calculations Is that of saturated liquid at the prevailing

primary system pressure. The boron concentration was kept fixed at

1260 ppmB.

Figure A. 3 shows the TMI-2 SRM response and the calculated normal

shutdown curve for the first 240 minutes into the accident.1 The

calculated normal shutdown curve was normalized to tne observed

response as follows. A normal shutdown curve was generated using the

power history and shutdown data for TMI-2 and the ORICEN computer code.

In order tc verify the accuracy of the calculated curve, this curve

was first compared with the data from a shutdown of TMI which occurred

a week earlier. The calculated curve was then compared with the TMI-2

accident data as extracted from tne strip chart data.1*'** It was

found that aside from a constant multiplication factor, the

theoretical shutdown curve tracked tne accident data up until about

2C-25 minutes into the accident. Furthermore, tne point at 'C;

zmutes was found to agree with tne calculated ourve when numerical

uncertainties in the calculation were accounted fcr. These

comparisons provided a calibration or normalization factor for use in

comparing the actual and calculated or predicted SRM response
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throughout the accident. The agreement between the calculated curve

and the accident curve at 103 minutes confirmed the assumption that

when all the primary coolant pumps were tripped at 100 minutes,

essentially complete phase separation occurred. The phase separation

caused the core and downcomer to be temporarily filled with water of

very low or no void fraction. The SRM sensed the normal hydraulic

condition in the vessel at this moment.

Prior to the time the primary coolant pumps were tripped after

the reactor shutdown, the SRM response began to deviate from the

normal shutdown response at between 20 and 25 minutes. This was

apparently caused by flushing of water containing voids into the

reactor vessel. For the purpose of this study, the voiding during

this time is assumed to have a homogeneous void distribution in the

vessel.

A summary of the one-dimensional calculations performed to

examine the effect of homogeneous voiding on the SRM response is shown

in Fig. 4.4. Two types of neutron sources, namely photoneutrons and

the start-up source were used in these calculations. The strength of

the start-up source was kept constant throughout the calculations,

because the half lives of the radionuclides are much greater than the

time period involved. The strength of the photoneutron source was

time dependent and was decreased by a factor of (l-o) as the vcid

fraction c increased. The energy spectra, as shown in Table 4.1, of

these two sources are quite different. Most cf the neutrons from tne

start-up source are born in Group 1
, whereas most of the photoneutrons

are born in Group 2. The importance of the start-up source to t.ne S?.M

response then depends on the relative strength of the start-up source
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TABLE 4.1

Energy Spectra of Photoneutron Source and Start-up Source

Group

Upper Energy

Bound (MeV) Photoneutron Start-up Source

1 1.0000 x 10' 4.66 x 10"* 0.97442

2 8.2085 x 10"1 0.99953^ 0.02558

3 5.5308 x 10"3 0.0 0.0

4 1.8554 x 10"s 0.0 CO

5 6.2493 x 10"7 0.0 0.0
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as compared with tne photoneutron source. Hence, the homogeneous

voiding calculations were performed with the start-up source strength

kept constant and the photoneutron source strength at 30, 60 and 100

minutes into the accident, respectively.

Based on comparison with actual SRM data,"'** the observed

"esponse was about '4 times higher than the normal shutdown response

just before the loop-A pumps were tripped at about 100 minutes into

the accident. From the neutronics analysis using the homogeneous

model, it is estimated from Fig. 4.4 that the core was approximately

45S voided at this time.

-.2 Initial Core Heat-Up Response (100 < t < 1*4 am)

The homogeneous voiding calculations are applicable to

approximately the first 10C minutes into the accident when tne primary

coolant pumps remained in operation. After the pumps were stopped,

the coolant in the core continued to boil, resulting in a less of tne

coolant and thereby reducing the water levels in the core and

downcomer- Since selling is assumed not to occur in the downcomer

region, the downcomer water level is lower than the core water level

when tne core is uncovered (see Figure *.5). Thus, the partially

emptied downcomer provides an unshielded streaming path cf varying

size for the neutrons to leak out cf tne core.

k series of twc-disensior.ai calculations were performed to

oeterrtme tne effect o' water level changes ir. tne oo-e and downccre-

on the S?v -esponse. The two-dimensional (2-:). ?.-: cylindrical sodel

sr.owr. In Fig. 3.'1 was used for core uncovery and fuel relocation

analyses.



»u

Reactor vessel wall

• Concrete

shield

wall

Downcomer

mm

Core region

Core

mixture

levels

11.5ft-

Figure 4.5 Source range neutron detector field of view versus core mixture level.1

I



81

A model of the core void fraction distribution as a function of

axial position was obtained from NSAC-28.' This model expressed the

oore void fraction in terms of the height Z, above the bottom of the

core, as

aC) - 0.0»5 • 0.02* 2 ♦ 0.066 exp[-(Z-0.9)/l .33 for Z>2 ft, (4.1)

• 0 for Z< 2 ft,

where a is the core void fraction and z is in feet. The average void

fraction In each core region was calculated by integrating Eq. (4.1)

over the height of each region and then dividing by the height of the

region.

If the oore void fraction obtained by the above procedure and no

voids are assumed in the downcomer, the hydrostatic pressure balance

between the core liquid and tne downcomer liquid requires a one-to-one

correspondence between the two water levels. The various core water

levels and the corresponding downcomer water levels are given in Table

4.2. The calculated core multiplication factor for each core water

level is also given in the table.

Two-dimensional calculations were performed for various core

water levels from full (365.76 cm) to 30.48 on (i foot) above the core

bottom with the photoneutron source strength at '00, '40 and 1~-

zinutes, respectively. The calculated results are shown in Fig. -.5.

The results shown in Fig. 4.5 indicate that tne SRy -esponse

would increase by a factor of about '1 when the core is first

uncovered. The observed S?y response iu.-ing the TMI-2 accident,

as snown !n Fig. 4.3, increased by a factor of about ii at about HO



TABLE 4.2

Relationship Between Water Level in the Core and

Water Level in the Downcomer

Core Water Level Downcomer Water Level

Above Core Bottom Above Core Bottom Keff
(cm) (cm)

365.76* 300.84 0.9180

304.88 257.59 0.8850

243.84 212.54 0.8842

132.88 164.59 0.8838
121.92 113.90 0.8758

91.44 87.63 0.8696

60.96 60.96 0.8247

30.48 30.48 0.7776

*
Top of the Core
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minutes into the accident. This observation suggests that core

uncovery occurred at this time. Based on the previously mentioned

assumption, this result agrees with the prediction of the thermal

hydraulic analysis.2

The calculated results were used to estimate the water levels

during the period of 100 through 174 minutes. The estimated core

water levels are compared with predictions of the thermal hydraulic

analysis in NSAC-242 and the previous SRM analysis in NSAC-283 in Fig.

"4.7.

The water level estimated in this work was about 91 cm (3.0 feet)

above the bottom of the core at 174 minutes Just before the B loop

pump was turned on. However, it is believed that the actual water

level was probably lower. The above analyses were based on an intact

core geometry and no core damage was assumed. According to a thermal

hydraulic analysis, control rod materials could have begun to melt and

flow downward at about 145 minutes into the accident." Based on a

sensitivity analysis performed as part of this work, a partial absence

of control rod material in the core region would cause the neutron

multiplication to increase and the SRM response to correspondingly

increase. Hence, the water level should be lower in order to

compensate for the increase in the SRM response due to a decrease in

control rod materials. A more detailed discussion will be presented

in the next subsections.



85

3.0

n'sac-::2
NSaC-283

Prasent analysis wit.-, intact core cocfiguracioo

• w

■

ci

a

a

3

a

3

3.0
~

C.C

110 120 130 1-0 .5C 16C .70 ISO

.=« after Tri?, r.inuces

Figure 4.". Intimated water level above the bottom of the core for

TMI-2 during core uncnver--.



The increase in the SRM response at 225 minutes into the accident

Is believed to be due to the relocation of the damaged core while

reaching its final status. The end-state conditions of the damaged

core are known and have been modeled appropriately.30 Hence,

performing the analysis backwards from 225 to 174 minutes should be

the better approach to analyze the SRM response in this time period.

The known post-accident end-state of the damaged core is shown in

Fig. 4.8. About one-third of the original fuel in the upper core

region is no longer there; a voided cavity was formed in this region.

A rubble bed is resting on top of the existing core with about 10 to

20 tonnes of fuel residing on the vessel bottom.'

In earlier work, the end-state conditions of the damaged core

were modeled to analyze solid-state track recorder measurements of

neutron levels in the air gap of the TMI-2 reactor.19'30 This

analysis predicted the presence of fuel In the lower head with the

best estimate of 10 tonnes.30 The prediction was in fact subsequently

confirmed by video inspection of the lower head. The model used is

given in Fig. 4.9. The underlined numbers denote the fuel volume

fraction in the region. The normal fuel volume fraction in the TMI

core is 0.31. The ratio of the volume of clad, structure, control rod

material, etc. to the volume of fuel in all damaged fuel zones is

always set equal to that 'of the intact core. Coolant at 90°F and

atmospheric pressure with 3300 ppm Boron was placed in the volume of

the fuel containing zones not containing solid material. This model

was used as the first step to analyze the SRM response at 225 minutes.
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However, the calculated SRM response based on this model was too high,

compared with the actual response at 22? minutes.

Using this 2-D end-state DOT model which had about 10 tonnes of

fuel in the lower head and noting that both the core and the downcomer

were completely filled with water (with no voids) at this time, the

only variable ir. calculating SRM response was the amount of control

rod materials in the lower head. It was also noted from our previous

study'* that the neutron source existing in the lower head makes the

dominant contribution to the SRM response at that time, and that an

increase ir. the control rod materials in the lower head could reduce

the SRM response. Hence, a series of calculations were then performed

that used the model shown In Fig. 4.9 with different quantities of

control rod materials in the lower head. When the calculated SRM

response was compared with the actual reading at t > 227 minutes

(point X in Fig. 4.3), it was determined that about 80S of the control

rod material would have relocated to the lower head. The calculated

results also showed that the Jump in the SRM response at 227 minutes

could be explained by this relocation of 10 tonnes of fuel at that

. »^ie •

As aiscussed In the following section, the control rod material

aigrated slowly from the core. This -nigration began early on in the

accUer.t (at about '20 minutes) as soon as the temperat-res reached

tr.e meitir.g polr.t 3f the eutectic Ag-In-Cd control rod material.

-.- Pump Transient ar.*
'-' :: Injection (JJjj < t < 200 Mlr.utes1

The next step was to determine the core status at 200 minutes



into the accident when the High Pressure Injection System (HPIS) was

Initiated. Since the' TMI-2 ex-core detectors showed nearly the same

behavior during the time period of 17** to 200 minutes as during the

period of 100 to 174 minutes, further fuel relocation probably did not

occur during this period. Hence, the physical configuration of the

fuel and core structural material at 200 minutes is believed37 to be

the same as that at 174 minutes just after B-loop pump was turned on.

The zircaloy cladding in the upper region of the core is believed

to have become highly oxidized and embrittled by 174 minutes just

prior to start-up of the B-loop pump.1' Turning on the B-loop pump is

thought to have thermal-shocked and embrittled the fuel rods. This

shock could shatter the oxidized fuel rods in the upper core region

and result in a debris region. Fig. 4.10 shows the core configuration

as it is thought to have existed after 174 minutes. The corresponding

DOT model Is shown in Fig. U.11. The underlined numbers In each core

region give the fuel volume fraction in that region.

At 200 minutes, initiation of the HPIS pumped water into the

vessel and shortly thereafter filled the downcomer region. The effect

of this filling can be seen as region L of Fig. 4.3. Several core

water levels and different amounts of the control rod materials lost

from the core region were assumed to determine the possible status at

this point. In this analysis, the control rod materials were

arbitrarily placed in the lower head. This was done to properly

account for observed SRM response at 225 minutes. The calculated

results are given in Fig. 4.12. Here, the vertical axis is the ratio

of the SRM response to that of a full core with the geometry in Figure

4.11. As shown in Fig. 4.3, the observed SRM response just after the



91

28-lnlet

Approximate

liquid water

level

Upper grid

damage regions

Al-lnlet

Possible

small void

Fragmented
fuel rods

Possible upper

crust

Partially
molten

2r02/U02
between

luel rods

Solidified

Zr02/U02
between

luel rods

• sin

Figure 4.10. Estimated TMI-2 core configuration at 175 to 180 min,

after the pump transient, showing the upper debris bed

formation.6



590.9

499.6

377.5

2S6.1

225.1

UPPER INTERNALS

0.0

0.3847

0.4784

0.2974

0.297

LOWER TNT-RMA1.S

T.fFF.a S&LD »MT5

WATER & STEEL

WATER
Wlow

distribution

water 4 steel plate

VESSEL

D

0

W

N

C

0

M

E

R

AIR

V

E

S

S

E

L

AIR

AIR

CAVITY

AIR

CAVITY

CONCRETE

S

R

M

C

0

N

C

R

E

T

r

Figure 4.11. DOT core model at 174 minutes after turning on the

B-loop pump. (Dimensions in cm)



93

r
8.0

Core water level

61.0 cm (2.0 feet)
-6.0 cm (1.5 feet)
30.5 cm (1.0 foot)

*

c

6.0

/

Observed SRM increase

a
w

SJ

a

M

0.0 JL JL

25 50 75

Control Rod Material ir. :he Lower Head,

100

Figure 4.12. Normalized detector response versus control rod material

located in the lower head with downcomer filled with

-ater at 210 minutes after initiation of the HPIS.



HPIS refilled the downcomer (i.e., the point at the beginning of the

labelled region M in Fig. 4.3) was a factor of about 5.3 larger than

that of the normal shutdown value for a core as given in Figure 4.11.

Figure 4.12 shows that the water level could be in the range of 38 to

61 cm above the bottom of the core with 60 to 80$ of the control rod

materials in the lower head just after initiation of the HPIS.

Since initiation of the HPIS pumped water into the downcomer, the

physical geometries and water levels in the core should be the same

just before and after the HPIS was turned on. Since there could not

be an instantaneous change in core water level, the only difference

between those two points would be the downcomer water level. The

downcomer was assumed full and the water level In the core was assumed

to be the same as that in the core before the HPIS was turned on.

These calculations were then repeated with an emptied downcomer to

simulate the status Just before the HPIS was initiated. The results

of the calculations are shown in Fig. 4.13. As shown in Fig. 4.3, the

observed SRM response just before the HPIS was turned on (i.e., the

point at the beginning of the labelled L region) was larger by a

factor of about 70 than the normal shutdown value for a core as

configured in Figure 4.10. Figure 4.13 shows the possible status at

this moment. The core water level could be between 42 to 61 cm with

30 to 80$ of the control rod materials absent from the core.

For the reasons stated in the preceding paragraph, in order to

have consistent count rates both before and after the HPIS was turned

on, the core water level and amount of control rod material in the

lower head must satisfy both the curves in Figure 4.12 and the curves

in Figure 4.13. Namely, the observed SRM count rates at both the
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beginning of region L and the beginning point of region M in Figure

4.3 provide two conditions for uniquely determining the two variables,

i.e., the core water level and the amount of control rod material in

the lower head.

A comparison of the curves in Figs. 4.12 and 4.13 shows that an

intersection occurs at the water level 46 cm (1.5 feet) with 70$ of

the control rod materials in the lower head, as shown in Fig. 4.14.

These calculations suggest that at 200 minutes into the accident the

core configuration would look similar to the model shown in Fig. 4.11

with the water level at the height of about 46 cm above the bottom of

the core and with about 70$ of the control rod materials in the lower

head.

The last step was to analyze the core status at 174 minutes just

before and after the B-loop pump was turned on. Since it is believed

that the zircaloy cladding began to melt at about 150 minutes into the

accident,16 the molten zircaloy would react with the U02 and dissolve

some of the U02 in the liquid zircaloy. Molten zircaloy and liquefied

fuel would then flow downwards, freezing near the coolant surface in

the lower portion of the core. Fig. 4.15 shows the estimated core

configuration at 174 minutes just before turning on the B-loop pump.

The corresponding DOT model is shown in Fig. 4.16. Again, the

underlined numbers denote the fuel volume fraction in the region.

A series of calculations that used the model shown in Fig. 4.16

were made to determine the water level just before the B-loop pump was

turned on. These calculations assumed 70$ of the control rod

materials in the lower head, which was the number obtained from the

analysis of SRM response at 200 minutes, with different water levels
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in the core region. The calculated results showed that the water

level at this moment was about 61 cm (2 feet) above the bottom of the

core.

After the B-loop pump was turned on, slugs of water were pumped

into the vessel. It was estimated that about 1,000 cubic feet of

water could have been pumped into the vessel.2 This volume of water

would be sufficient to fill the downcomer- However, the flowmeter in

the hot leg showed that the pump operated efficiently for only about 9

seconds and then began to pump steam voids into the vessel. Hence, it

is believed that the downcomer at this moment was not completely

filled with the fluid, and in fact should contain some voids.

The model shown in Fig. 4.10 (with core water level at the height

of 61 cm (2 feet) above the bottom of the core) was used at this point.

Calculations were then performed by the authors to determine the

coolant status, i.e., the void fraction, in the downcomer. The

calculated results show that about 14$ of voids existed in the

downcomer just after the B-loop pump was turned on.

Fig. 4.17 summarizes the water level as determined by this study

and compares it with those given in NSAC-24 and NSAC-28. This figure

shows that the NSAC-24 results tended to overestimate the water

inventory during much of the accident when compared with the

neutronics studies. The reason for the discrepancy is not known, but

it may be due to assumptions made in the NSAC-24 analysis on make-up

flow during the accident.
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4.5 Uncertainties

A key point remaining to be addressed Is what is the uncertainty

associated with each of the parameters determined from this study. To

quantify these uncertainties requires that the adequacy of the

methodology and the validity of the assumptions be addressed. In this

section, estimates of the uncertainties relating to void fraction,

level, and time of fuel relocation are developed and examined.

4.5.1 Void Fraction Uncertainty During 0 < t < 100 Minutes

To assess the uncertainty in the homogeneous void fraction

estimates during the first 100 minutes, a comparison with LOFT data

was conducted. Experiment LP-SB-3 essentially duplicates the TMI

accident, including both the pumped homogeneous void formation period

(t < 100 min) and the core uncovery period (100 < t < 174 min) but on

a somewhat different time scale.,s"'* Since both density and level

data are available as well as a transport analysis of the LOFT SRM

response, this comparison allows for experimental verification of the

method and assumptions and an estimation of the uncertainties.

Fig. 3.17 shows a comparison of the calculated cold leg densities

obtained during LOFT experiment LP-SB-3 from gamma densitometer data

with that obtained from analysis of the LOFT SRM response.

Examination of the data in Fig. 3.17 shows that the neutronics

analysis tends to underestimate the void fraction by varying amounts.

For the periods around 1100 seconds and 1600 seconds, the neutronics



analysis underestimates the measured void freotion by about 151. For

the period around 1300 seconds, there is very little discrepancy

between the measured end calculated densities. This suggests that the

neutronics analysis introduces an error of between 0 to 15$ in the

void fraction estimates.

To understand the origin of the error, the 1-D Standard Light

Water Reactor Problem" was used to calculate the response of a

hypothetical TMI detector (the standard problem does not include such

a detector). The problem was first run using the very fine neutron

energy group structure of VITAMIN-C.'* This group structure consists

of 171 neutron energy groups. Cross sections for the problem were

also generated using the VITAMIN-C library.

The same calculation was then performed using the five neutron

energy groups descriced in Section 3-3.2. Both the five group

response and the five group problem were done witr. 25 voiding in the

oore and downcomer. The calculations were then repeated for void

fractions cf 201, 50* and 80$. Each of these results were normalized

to the 21 void fraction case for both the 5-group and tr.e 171 -group

cases. Since it was thougnt that the most likely cause of the

uncertainty was in the jss of only five groups, the (Y.n) source In

tne water was omitted. The results are shown in Table 4.3.

Examination of the results In Table «.3 reveals that the 5 group

calculations overestimate the count rate for a given void fraction

compared «lth tr.e 1"1 ?-cup calculation. The effect of this

overestimate or. tne estimates void fraction would be to ur.ie-estlmate

the void fraction. A review cf the radial fl-x profiles calculated

using tr.e 5 group flux shows that the 5 group calculations
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TABLE 4.3

Relative "SRM Count Rate vs. Void Fraction

for Standard Light Water Reactor Problem

Void Fraction Relative Count Rate

($)

0

20

50

80

171 Group 5 Group Difference

1 1 —

2.89 3.44 19$

17.9 26.7 49$

202 329 63$



underestimate tne total flux at the detector for 01 void fraction when

compered to the 171 group calculation. At progressively higher void

fractions, the underestimate decreases. Thus the relative change in

SRM response for a given change in void fraction Is larger in the 5

group case than in the 171 group case. It appears then that the major

source of uncertainty in the void fraction estimates Is due to the use

of a coarse 5 group energy structure.

Based strictly on the results of these 1-D calculations, the

underestimate at 50$ void fraction could be as much as 50$. The LOFT

results from experiments LP-SB-3 snd LP-SB-2, however, do not support

this large an uncertainty.

K -ore reasonable approach to estimate the uncertainty Is to

=o=pa-» LOFT data with estimates of the void fraction during the

experiments as determined from the SRM response. If one examines Fig.

3.17, cne fines that the predicted void fraction at i 600 seconds Just

prior to tripping of the LOFT coolant pumps is about 59$. The

neutron! os analysis yielded a value of 5al which is about 91 lower

than the measured value. Since the same assumptions and methods were

applied to analyze the LOFT data as in the TMI analysis, the

uncertair. ties should be of the same order. At a comparable point

during tr.e TMI accident ('00 min). it was stated in Section «..1 that

tne maximum .homogeneous void fraotior. in the TMI core was -5$. 'Jsir.g

the estimated uncertainty developed from LOFT, the TMI void fraction

co-Id nave tee-, as r.igr. as 531 at two sisma i.e., 35i confidence

level). 3ased or. this approach, the maximum void fraction during tne

accident would tr.en be 45' pljs 5' and minus 01.



4.5.2 Level Uncertainty

■

Fig. 4.16 shows the water level as determined by this study

compared to that quoted in NSAC-28' from analysis of the SRM response

and that determined from a thermal hydraulic analysis described in

NSAC-24.2 To estimate the uncertainty In this analysis, the results

of calculations to estimate core water level during the LOFT

experiment LP-SB-3 were compared with the measured LOFT vessel water

level as determined from in-core thermocouples and conductivity probe

data. Fig. 3.19 compares the vessel water level determined from the

neutronic analysis with the measured values.

The largest disagreement occurs at 4000 seconds, shortly after

the core begins to uncover. At that point, the neutronics analysis

suggests a water level of 170 cm, compared with a measured level of

150 cm, about 13$ too high. Once the water level has dropped to the

core midplane, there is very little (< 5$) disagreement between

calculated water level and the measured level determined using the

thermocouple data. The bubble plot data suggests a somewhat larger

uncertainty, particularly near the end of the transient. For example,

at 5000 seconds, the level based on the bubble plot data is about 40

cm compared with 20 cm as determined from the neutronics analysis. It

should be pointed out, however, that the conductivity probes are

thought to be considerably less precise than the thermocouples."0 As

a result, a better indication of the error is obtained by comparison

with the thermocouple data. Based on this comparison, the error in

the water level is most likely no greater than about plus '5$ and

minus 0$.



Referring to Fig. 4.17, one finds that- including an uncertainty

of 15S in the water level determined by this study brackets both the

NSAC 28 and NSAC 2* estimated water level at 174 minutes. When the

water level is near the oore midplane, the NSAC 24 falls outside this

uncertainty. There the NSAC 24 thermal hydraulic analysis yields a

water level considerably higher than either the NSAC 28 results or the

findings of this work. The source of this disagreement is unknown.

Since the LOFT results are reproduoed very well at a comparable point

in the LP-SB-3 experiment, one might suspect an error in the thermal

hydraulic analysis of NSAC 24.

4.5.3 Fuel Relocation Analysis

Ln Section 4.3, it was stated that the core relocated to the

lower head at 225 sin, producing the sudden abrupt increase in the SRM

response recorded at that time. This hypothesis was based on several

factors. The first involved the nature of the change in SRM response,

the second involved the nature of the reactor system pressure and

Incore instrumentation response, and lastly, the results of the

degraded core thermal analysis suggesting tne degraded core to have

occurred by 22^ minutes as well as neutronics calculations assuming a

damaged core.

The S?y response increased by a factor of at least two at 224-125

min. This aorupt shift in S?.M response coincided witn a sudden

increase in the primary system temperature and pressures. A variety of

causes have been postulated for this event, including loss of one or

more control rods from the core, massive fuel/clad damage resulting in
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fuel compaction, and movement of fuel material into other regions of

the reactor vessel.3

NSAC in NSAC-28' discounted the first of these hypotheses since

their analysis showed that the loss of all control rods would produce

only a 60$ rise in SRM response. They also discounted the second of

these possible causes based on 1-D ANISN calculation of the core

multiplication. Their results showed a decreasing multiplication

factor with increased fuel volume fraction. These results are in

conflict with those found by B&W.'*1 The B&W analysis found that keff

would increase with increasing fuel volume fraction until a volume

fraction of about 0.45 was obtained (nominal fuel volume fraction Is

approximately 0.3).

To resolve the discrepancy between the B&W and NSAC results, a

series of models were constructed in which the core was compacted to

varying degrees. The results of these calculations did not indicate a

doubling of the SRM response. Only when the fuel was relocated to the

lower head were increases of that order obtained. The only similar

changes in SRM response were those produced when the core or downcomer

were suddenly flooded. In those cases, the SRM response dropped

abruptly. To obtain the sudden upward jump In SRM response as

observed would require nearly the entire downcomer to suddenly empty

and remain empty. Since such an event is extremely unlikely and

inconsistent with the observed hydraulic data, it can be readily

discounted.

Based on these results and those of NSAC, the only plausible

cause of the SRM jump is in fact fuel relocation between 224-225 min.



5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The source range monitor response during the TMI-2 accident was

analysed by incorporating the knowledge learned about the end state of

the damaged reactor from recent studies and correlating the known

system events during tne accident to the SRM response. Many crucial

parameters relative to the core conditions and coolant status were

quantified in the present neutronic analysis providing benchmarks for

the development and verification of a best-estimate accident

progression scenario.

Based on the present analysis, the interpretation of the SRM

response during the first 4 hours of the accident is as follows.

The observed SRM response began to deviate from the normal

shutdown response at about 25 minutes after shutdown. This is due to

buildup of the voids in the core and downcomer regions. As time

elapsed, continued loss of the primary coolant through the failed

block valve led to the increased void fraction and increased SRM

response. At 100 minutes. Just before the A-loop primary coolant

pumps were turned off, the void fraction is estimated to be about 451

• 8 and -01 in the vessel based on tne neutronics analysis.

Turning off the A-loop pumps caused a' separation of voids to the

j??w regions of tne vessel. Since the coolant mass inventory was

sufficient to cover the core and downcomer at tr.is point, tne core and

downcomer were filled with water- Tnerero-*. the SRM sensed a normal

thermal hydraulic condition and its response dropped to a normal

an-tdcwn response.
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As the water continued to boll off, the downcomer water level

dropped to a level lower than the corresponding two-phase mixture

level in the core due to static pressure equilibrium. The emptied

downcomer region then provided an unshielded streaming path for the

neutrons to leak out of the oore and caused the SRM response to

increase. The core probably began to uncover at about 110 minutes

Into the accident when the SRM response showed an increase by a factor

of about 1 1 .

The leveling off of the SRM response at about 140 minutes was due

to the shielding effect being counter-balanced by a decrease in the

neutron source caused by a reduction in neutron multiplication as the

core uncovered further. At 174 minutes Just before the B-loop pump

was turned on, the zircaloy cladding in the upper region of the core

should be highly oxidized, setting the stage for subsequent

embrittlement when cooled. A molten zone of zircaloy and liquefied

fuel would exist in the central region of the core. The water level

was about 61 cm (2 feet) above the bottom of the core and about 70$ of

the control rod materials should have been removed from the core.

Turning on the B-loop pump at 174 minutes shattered the oxidized,

embrittled fuel rods in the upper core region and resulted in a debris

region with a voided cavity overhead. The downcomer was filled with

water containing about 14$ of voids. The SRM response decreased by a

factor of about 10 at this moment. Thereafter, the downcomer water

flowed into the core region and was boiled off. The SRM sensed a

decrease in the shielding effect and the response increased again.

At 200 minutes into the accident, Initiation of the HPIS filled

the downcomer and caused the SRM response to decrease by a factor of
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about '?- At 225 minutes into the accident a portion of the molten

zone in the center of the oore apparently broke through the

surrounding crust and about 10 tons of the molten fuel materials

relocated to the lower head.

Based on the estimated progression of the accident, the SRM

response for the first 225 minutes during the accident can then be

reconstructed. The best estimate SRM response using the neutronics

analysis is shown in Fig. 5.1. As can be seen by comparing Figure 5.1

with the observed SRM response shown In Fig. 4.3, all the major

features of the response have been accounted for. It is noted that

the above interpretation developed from an analysis of the SRM

response is consistent with the accident scenario envisioned by the

Accident Evaluation Program of the DOE. This study thus provides a

semi -independent verification of the postulated scenario.

5.2 Reco—endatlons

While tr.e work reported nere corrects a number of shortcomings In

previous studies and Includes knowledge only recently available, there

still remain a number of unresolved questions. For example, wnat is

the effect of a varying level in the core bypass region on SRM

-espcr.se? In this and all previous studies, tnis region was

homogenized with the r.c-nal core region. Thomas** has suggested tnat

tne core bypass region will not nave tne same level as the cc-e but

ratner will act more li-<e tne downcomer. Detailed .-.ysraulic studies

are required to resolve tr.is discrepancy.
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Figure 5.1. Estimated SRM response during the TMI-2 accident.
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Furthermore, this study analyzed the SRM response for only the

first 225 aln. of the accident. A number of features occur in the

SRM response beyond this tine period and have as yet to be adequately

explained. For example, the clearly increasing SRM count rate from

5- '5 hours with the subsequent decrease over the next 15 to 30 hours

vsee Figure 1.2). This longer tern response was initially thought to

be due to release of fission products to the coolant. Recent

inspection of the damaged core shows that considerable material

relocated outwards from tne core into the oore former region. It is

possible that the longer term SRM response night be explained by that

migration. Another point concerns the coolability of the fuel In

the lower head. This study assumed a homogenized fuel water mixture

in the lower head. It is known, however, that the fuel is compacted

into a roughly cylindrical volume. Attempts to incorporate this

compacted lower plenum fuel material into the study produced

anomalously low count rates. This suggests that further information

may be available in the SRM response regarding the actual fuel

configuration at this point in time.

Finally, tr.is study concluded that the control rod material began

migrating from the core near the beginning of the core uncovery phase.

One question worthy of examination concerns the possibility of

recriticallty during reflood at that time. A reflood would involve

the injection of highly borated water Into a semlrodiess core. Testa

hMV9 shown t.-.at the toron may precipitate out of the resulting steer

water mixture in the core region, effectively lowering the boron

content in the core region be lew that otherwise anticipated. Another

question that should be addressed concerns the amount of control rod
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material In the core as a function of time and its effect on

recriticallty under a postulated reflood.

Data is also available from the other nuclear instrumentation.

For example, the intermediate range detector data reported in NSAC-1

shows definite structure. Some of the structure parallels that seen

in the SRM data, whereas some does not. Previous work by the authors

of this work has shown that the detectors are sensitive to azlmuthal

asymmetry in the source distribution. As a result, correlation and

analysis of the intermediate range data as well as the limited data

available from the other SRM may provide some information on the

asymmetry of the core damage progression.

Future work should address these areas of uncertainties relative

to the TMI-2 accident In order to improve our understanding of the

core damage progression.

An improved understanding of the TMI-2 accident progression will

allow the TMI-2 research results to be more fully Integrated with

other severe accident research towards resolving major technical

Issues relative to core damage progression, reactor system thermal

hydraulic response and fission product transport during such

accidents.
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